Advances in sequencing technologies have generated tremendous breakthroughs in driven by multiple mutations of low frequency and small fitness effects 20 .
25
Here, we present a method based on the Tn7 transposon to generate E. coli 26 populations of > 10 7 cells carrying 10 5 -10 6 unique chromosomal barcodes. We antibiotics, chloramphenicol and trimethoprim. We found that different selection regimes 31 elicited unique lineage diversity dynamics. By comparing the identity of individual 32 barcodes in independent replicates evolving in parallel under identical conditions, we were 1 also able to infer the relative contributions of pre-existing versus de novo mutations to the 2 observed evolutionary dynamics. In general, stronger selection pressure generated faster 3 loss of lineage diversity and more reproducible dynamics driven by standing genetic 4 variation. In contrast, weaker selection pressure produced slower diversity loss and less 5 reproducible dynamics due to a greater role of new mutations. In particular, ultra-low 6 amounts of trimethoprim (0.01 g/ml that amounts to 0.1% of minimal inhibitory 7 concentration (MIC)) unexpectedly slowed the rate of lineage diversity loss even beyond 8 conditions without any antibiotic, hinting the possibility that in this regime the antibiotic 9 could be primarily functioning as a signaling molecule 21, 22 .
11

Results
12
Highly efficient chromosomal barcoding of E. coli cells. control of an arabinose-inducible pBAD promoter in a temperature-sensitive helper 20 plasmid (Fig. 1A) . The Tn7 arms (Tn7L, Tn7R) that target the genetic cargo at a neutral 21 attnTn7 attachment site were relocated to a suicide integration plasmid (Fig. 1B) . We 22 placed the barcode cassette carrying a 15-nucleotide long random sequence (the "barcode") 23 and the adjacent marker of selection between the Tn7 arms on the integration plasmid ( Fig.   24 
1B,C).
To minimize the preparation of barcode libraries to two consecutive PCR reactions,
25
we added sequences complementary to Illumina adapter primers flanking the barcode 26 cassette (Fig. 1C) . These sequences were used to both PCR amplify barcodes directly from 27 cell cultures as well as anchor i5/i7 Illumina indexes to the amplified barcodes (Methods).
28
Using this binary Tn7 transposon system, we integrated barcodes into a fixed location on We simultaneously selected for chromosomal barcode integration and removal of the 1 helper plasmid by plating on selective media and incubating the plates at 37 o C (Fig. 1D,   2 Methods). Sequencing the 'raw' barcode library -as synthesized by the manufacturer and 3 prior to incorporation of barcode cassettes into the integration plasmid (Methods) -4 revealed that the total number of unique barcodes was ~1.3 × 10 6 ( Table S1 ). The 'raw' 5 library had a fairly uniform distribution of frequencies: all barcodes but one had 6 frequencies between 10 −7 and 10 −5 (Fig. S1A,B) . The nucleotide composition of these 7 barcodes was also very close to random, as quantified by the entropy of nucleotides per 8 position (Fig. S1C) . Incorporating the barcodes onto plasmids and then onto chromosomes 9 reduced this diversity (~8.4 × 10 5 unique barcodes on plasmids and ~4.5 × 10 5 on 10 chromosomes; Table S1 ). The process also introduced more redundancy into the 11 distribution of frequencies, with some barcodes reaching frequencies of 10 −3 (Fig. S1A,B) .
12
These increases in redundancy also led to a minor decrease in sequence entropy (Fig. S1C ).
13
However, the presence of a few barcodes with high initial frequencies did not appear to 14 play a major role in the resulting lineage dynamics during evolution, as we show below. were 1 g/mL CMP (6.25% MIC) and 0.1 g/mL TMP (1% MIC) (Fig. S2, Methods) . For 4 ultra-sub-inhibitory regime, we chose 10% of the aforementioned concentrations. We then 5 conducted laboratory evolution via serial passaging in the presence of CMP initially at 6 6.25% ('low') and 0.625% ('ultra-low') MIC, in TMP at 1% ('low') and 0.1% ('ultra-low') 7 MIC, and in the absence of any antibiotics (Fig. S3A,B) . We evolved 14 independent 8 replicate populations in each of these five conditions (Fig. S3C,D) . We diluted batch 
S3C,D).
To sustain the selection pressure along the evolutionary experiment (~420 12 generations), we gradually increased CMP in the 'low' condition from 1 g/mL to 2.8 13 g/mL (Fig. S3A) ; and in the 'low' TMP condition, we increased the antibiotic from 0.1 14 g/mL to 1.2 g/mL (Fig. S3B) . We kept the 'ultra-low' CMP environment constant at 15 0.1 g/mL throughout the experiment (Fig. S3A) , while 'ultra-low' TMP increased from 16 0.01 g/mL to 0.1 g/mL at generation ~288 (Fig. S3B) . As intended, the number of cells
17
at the end of each passage remained roughly constant for each condition and along the 18 entire evolutionary experiment (Fig. S3C,D) . 19 In the experiment, we expected at least two forms of selective pressure, one due to inhibiting 50% of growth) at the whole-population level (Fig. S4, Methods) . These 31 measurements revealed a moderate increase in antibiotic resistance over the experiment for
32
'low' CMP and TMP conditions (Fig. S5A,B) . In contrast, both 'ultra-low' conditions 1 produced no measurable improvement in IC50 (Fig. S5A,B) . 2 Furthermore, the increases in drug resistance evolved in the 'low' conditions were 3 accompanied by a fitness cost in the absence of antibiotics, measured by the growth rate 4 (Fig. S5C,D) . In particular, the population that evolved to resist the highest levels of CMP
5
('low' CMP replicate 1, Fig. S5A ) showed the strongest fitness cost among the three 6 replicate populations in the same condition (Fig. S5C) . However, we observed no fitness 7 cost in the populations evolved under 'ultra-low' CMP. Instead, the growth rate trajectories 8 for these populations were generally similar to those for the populations that evolved in the 9 absence of antibiotics (Fig. S5C) . Surprisingly, in the populations evolved under 'ultra-10 low' TMP, the improvement in growth rate lagged behind the populations evolved under 11 no antibiotics (Fig. S5D) (Fig. S3C,D) , neutral dynamics at the scale of the whole population was 31 negligible on the time scale of the experiment. Therefore, we could assume that the 1 dynamics of lineage diversity was dominated by selection.
3
Ecological tools allow quantification of lineage diversity dynamics across conditions.
4
To quantify the dynamics of lineage diversity, we adopted a measure of diversity widely 5 used in ecological studies 34, 35 :
7 where is the frequency of the th barcoded lineage, and is the "order" of the diversity , since that is the total number of unique barcodes.
23
However, the effective number of lineages, accounting for their unequal frequencies ( average frequency) lineages in each population, we assign a unique color to each lineage that is 6 consistent across panels (Table S2) . We use random colors for all lower-frequency lineages, while 7 gray represents the frequency of reads without identified barcodes. by the end of the experiment, as seen in the = 0 diversity (Fig. 3A) . replicate populations maintained strong similarity. There was also a small amount of 12 similarity between 'low' CMP, 'ultra-low' CMP (two out of three replicates), and 'low'
13
TMP. In contrast, replicate populations under 'ultra-low' TMP and 'no drug' showed no 14 similarity to each other by the end of the experiment. There was also strong similarity 15 between replicate 3 in 'ultra-low' CMP and replicate 2 of 'ultra-low' TMP.
16
We could further quantify the reproducibility of lineage dynamics by calculating Table S2 ). Indeed, the most frequent lineage in replicates 2 and 3 is the exact same 5 lineage (see purple trajectories in Fig. 2) ; this lineage is also the second-most frequent 6 lineage in replicate 1. In contrast, Fig. 5D ,E,F shows these same plots for the 'no drug' 7 populations, which have little similarity among their most frequent lineages. In particular, 8 they do not share any of their top 10 barcodes (Fig. 5F, Table S2 ). In Figs. S8, S9 we 9 show direct comparisons of lineage frequencies between all pairs of populations. The 10 dominant lineages in each population do not appear to have started at unusually high 11 frequencies (Fig. S10) , suggesting another mechanism must explain their dominance. (Figs. S11, S12) . We saw that the trajectories indeed 8 formed well-defined clusters of distinct behaviors (Fig. S13) ; in particular, similar clusters 9 appeared in replicate populations from the same condition, while more different clusters 10 appeared in populations from different conditions. A few clustered trajectories also shared 11 barcodes with very similar sequences, suggesting these lineages are actually the same (the 12 distinct barcodes arising from sequencing errors) (Fig. S14) . However, the fact that the shows these clusters in populations evolved with no drug. These trajectories appear to 32 increase due to new mutations that arose during the experiment itself, rather than because 1 of pre-existing mutations. We saw clusters of these trajectories in every population except 2 those in 'low' CMP (Fig. S13) . However, in replicate 1 of 'low' CMP, we do saw 3 trajectories demonstrating both pre-existing beneficial mutations as well as new mutations, 4 which initially rose due to the pre-existing mutations, then decreased from clonal 5 interference, but then rose again due to the occurrence of a new mutation (Fig. 6D) . prompted a different rate of adaptation (Fig. 3A) , with the exception of 'ultra-low' CMP 7
and 'no drug' conditions, which exhibited similar dynamics. Unexpectedly, 'ultra-8 low' TMP substantially reduced the rate of adaptation and lineage diversity loss, even 9 compared to the rates observed for 'ultra-low' CMP and 'no drug' conditions. Since the 10 growth dynamics of these populations indicate they experience a similar number of 11 generations per passage as the other populations (Fig. S3E,F driven by many small-effect mutations at the whole-population level has remained elusive 32 in bacteria. Our chromosomal barcoding system in E. coli allowed us to directly address 1 this problem by quantitatively comparing lineage dynamics across independent replicate 2 populations subjected to identical antibiotic regimes. We found that the rate of lineage 3 diversity loss was highly reproducible for each selection condition (Fig. 3A) , indicating 4 that lineage diversity analysis provides a robust way to quantify the reproducibility of 5 evolution at a whole-population level. Curiously, the diversity dynamics were reproducible 6 regardless of the rate of adaptation, For example, both 'low' CMP condition, which induced 7 the fastest rate of adaptation, and 'ultra-low' TMP condition, which induced the slowest 8 adaptation dynamics, exhibited high reproducibility between evolutionary replicates. This 9 observation implies a surprising deterministic dynamics at the level of lineage diversity, 10 despite differences in the distributions of fitness effects across conditions in our 11 experiment.
12
The dynamics were furthermore deterministic at the level of individual lineages in (Fig. 4) , indicating a heavy contribution of standing genetic variation. Conversely, 4 very little indication of the contribution of pre-existing variation can be seen for 'ultra-low'
5
TMP and 'no drug' conditions (Fig. 4) , indicating that the evolutionary dynamics of the 6 latter was driven mostly by newly acquired mutations. Further support for the importance 7 of pre-existing beneficial mutations comes from our analysis of individual trajectories.
8
Lineages increasing in frequency due to a newly-acquired beneficial mutation show a finite 9 establishment time (time required for a lineage prior to committing to a deterministic 10 growth after acquisition of a mutation under the control of an arabinose-inducible pBAD promoter (Fig. 1A) , and the suicide 31 integration plasmid (R6K gamma pir+ dependent origin of replication) with the Tn7 arms 32 flanking the barcode-carrying cassette and spectinomycin resistance gene (Fig. 1B,C) . The HiSeq, or Nextseq) (Fig. 1C) variable nucleotides), which we then cloned into the Tn7 integration plasmid (Fig. 1B) . We 21 characterized the resulting library of barcodes by deep sequencing prior to integration into 22 the genome (Fig. S1) . with the assembly mix generated a total of ~2.4 × 10 6 colonies (Fig. 1D) . We scraped all 4 the colonies from the plates, pooled them together, and thoroughly mixed them. Finally,
5
we extracted plasmids from the pooled cells with a Qiagen midi kit. step is the transformation of the Tn7 integration plasmid library, which will integrate the 11 barcodes into the chromosome (Fig. 1D) . We grew cells transformed with the Tn7 helper 12 plasmid overnight until saturation in LB supplemented with 100 g/mL ampicillin at 30
13
°C. We then diluted these cells 1:100 and grew them under the same condition for 45 min. Second, we separated the PCR product on 1% agarose gel, excised it, and purified it using
10
NucleoSpin Gel extraction kit (Machary-Nagel). Third, we subjected the gel-purified 11 product of the first PCR reaction to a second PCR reaction using a pair of index primers
12
from Nextera XT DNA library preparation kit (Illumina). Fourth, we purified the product Laboratory evolution. We subjected the naïve barcoded E. coli population to laboratory 17 evolution via serial passaging under five distinct growth conditions: 'low' chloramphenicol
18
(CMP) (1-3 g/mL), 'ultra-low' CMP (0.1 g/mL), 'low' trimethoprim (TMP) (0.1-1.2 19 g/mL), 'ultra-low' TMP (0.01-0.1 g/ml), and 'no drug' (Fig. S3A,B) . We grew cells at 20 37 °C in a 96-well microtiter plate (500 L per well) in supplemented M9 medium (0.2% 21 glucose, 1mM MgSO4, 0.1% casamino acids, 0.5 mg/ml thiamin). Between passages, we 22 grew cultures for 8-9 hours (during the day) or 10-12 hours (during the night). We used 23 saturated culture from a previous passage to inoculate a fresh plate by 1:100 dilution (5 L
24
of saturated cultured into 500 L of fresh medium). Overall, we performed 70 passages.
25
We measured optical density (OD) of the cultures at 600 nm at the end of each passage.
26
We convert the raw OD measurements to an estimated number of cells (Fig. S3C,D) as by OD measurements at 600 nm (Figs. S2A, S4A) . We calculated the area under these 8 growth curves over the time of growth (Fig. S4B) and normalized the area values so that 9 they equaled 1 at zero antibiotic (Fig. S4C) . We determined the IC50 by calculating the 10 concentration of antibiotic at which growth (defined as normalized area under the growth 11 curve) was reduced by 50% relative to zero antibiotic (Fig. S4C) . We inferred the IC50
12
concentration by interpolating the area vs. drug concentration curves. We similarly all PCR reactions failed, and thus we excluded this sample from all further analysis.
31
Analysis of sequencing data. First, we exclude sequencing samples that report fewer than 1 10 6 reads; this affects one of the samples from the initial population and six of the samples 2 from the evolving populations (Table S1 ). All remaining samples have between 10 6 and 3 7 × 10 6 reads. Next, we exclude all reads with minimum base quality score less than 10 4 (Phred scale), which affects 0.02-0.05% of reads (Table S1) . To identify barcodes, we 5 first align each read to the reference sequence for the barcode cassette. We allow up to 6 three mismatches or one indel with respect to the reference; we also require that the read 7 overlap the barcode by at least 10 nt. With these criteria we identify barcodes on more than 8 95% of reads in almost all samples (Table S1 ). For each read with a valid alignment, we 9 extract a barcode as the sequence aligning to the variable region in the reference.
10
To correct for sequencing errors in the raw barcodes, we use the bartender 11 package 45 on default settings to cluster together barcodes with similar sequences. In 12 general, this method assumes that a low-frequency barcode differing at only one or two
13
bases from a high-frequency barcode is the result of a sequencing error, so that the low-14 frequency barcode is merged into the high-frequency one. This produces a set of putatively 15 true barcodes for the sample.
16
To ensure that we identify true barcodes consistently across samples, we first pool 17 raw barcodes and perform clustering on these pooled samples. We pool barcodes both is the harmonic mean.
12
We therefore define the effective number of lineages as the reciprocal of the 
Note that the effective number of lineages according to Eq. 3 equals the actual number of If we pool together all populations, the frequency of lineage is
6
The total diversity of the pooled population ("gamma diversity") is 34, 35 :
We can decompose this total diversity into two factors:
(10)
10
The first factor on the right-hand side of Eq. 10 is the mean diversity across all populations
11
("alpha diversity"): We plot this normalized quantity in all figures (Figs. 4, S8, S9) . 
9
For two populations ( = 2), we can rewrite this as populations:
20
This is also equivalent to the weighted sum of the Kullback-Leibler divergences between 21 each population and the pooled population.
22
In the case of = ∞, the effective number of distinct populations depends only on ensures that all pairs of remaining lineages have at least 10 time points at which they both 12 have nonzero frequency. This leaves between 310 and 695 lineages for each population.
13
We cluster the frequency trajectories ( ) for these lineages using the hierarchical 14 clustering routine in SciPy 47 . The distance metric between two lineages 1 and 2 is 15 Δ ( 1 ( ), 2 ( )) = 1 − (log 1 ( ) , log 2 ( ))),
16 where (log 1 ( ) , log 2 ( ))) is the Pearson correlation coefficient between the 17 logarithms of both frequency trajectories (excluding time points where either frequency is 18 zero); Fig. S13 shows matrices of all pairwise trajectory distances. We use the "average" Periodic oscillations in cell numbers and yields result from the fact that cultures were propagated in two intermittent growth regimes: 9 hours during the day, followed by 12 hours during the night (see Methods). 
